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ABSTRACT

Given two pictures of a scene taken by different
sensors or at different times , one way of matching the
two pictures is to extract a set of distinctive local
features from each , and then match the resulting point
patterns. This paper investigates the sensitivity of
point pattern matching to various types of noise and
distortion , including omissions and additions , random
walks , rotation and rescaling, as well as the use of
different feature detection operators to extract the
points. The effects of additional information (e.g.,
feature types) in overcoming the effects of noise is
also studied.
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1. Introduction

Matching two pictures of the same scene is a common problem

in computer vision and image processing. This problem arises in

connection with registering pictures obtained by different

sensors, or by the same sensor at different times. In such

situations , the occurrence of systematic gray level differences

between the pictures , as well as geometrical distortions , often

makes it impractical to use conventional correlation techniques

for matching . A possible alternative is to segment the two

pictures into regions, and attempt to pair off the corresponding

regions based on their properties (color, size, shape, etc.)

[11; but this approach depends on the reliability of the seg-

mentation process.

This paper explores another approach , based on extracting

a set of local features from each picture , and then matching

the resulting point patterns (of local feature positions). We

will not discuss the nature of the local features; they might,

for example , be corners on a contour or branch points on a

curve. We do assume that the local feature extraction process

will be relatively stable under the changes that take place

from one picture to another. In any case, it will be seen that

the matching process is relatively insensitive to the addition

and deletion of feature points. This paper is an abridgement

of a more detailed report (2], which is the first author ’s M.S.

thesis; it also includes some supplemental results that were
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2. Point j~attemn matchin ~

The basic p o i n t  p a t t  em m a t c h i ng  a iq o r i  thin operates as

follows: Suppose t h a t  WV are  g i V e n  t w o  p0 i itt pat t e mi t s

T t : P 1 , . . . , P and , . 

~~~~~~~~~ 
~~ ;; w e l l  as a m at c h  t o l e ran c e  t

We wan t  to f i n d  a t ran;; Lit ion  t h a t  maps U on to  a:; we l l  as

poss ib le .  Let T be t h e  set ot p o s s i b l e  translations (we

assume the  t rans hit ion ;; to  be q uat i t  i ;~etI , so t h a t  T i ;; a f in i t t ’

se t)  . For each pa i r of P ‘ ;; (P • 
P ) and each pair of Q

we check whe t  her t h e  ~‘ec t or d i t  fe  renoe P P 
~ 

_ Q
~ Lt k has

maqni  tude less t h a n  t ; i f so , the t ran :; lat  ion that maps P

onto Q1 ( and  hence , a p p io x i rnat  e ly , P o n to  
~~ 

i s  a I ’0s5 i bl e

mapp inq of U o n t o  :~~, and we i ncr emen t  the  m e r i t  of t h i s  t m a n s —

la t i o n  by I . Thi s  pi-ocess i r epeated  t o r  each pai  r of pa i r s

If  U is r easonab ly  s i m i  l a m  t o  : , t h i s  s h o uld  r e su l t  i n  a ~‘l u st ’i

of h igh  mer i t va lues correspond i ng t o t mans  1 at ion  (sI 4 ha t  maj ’

II onto :~~.

The to t  low tug are some conuttont on the mel at i onsh i p t ’et ween

• t h i s  aiqor  i th in  and a ‘orre la t  ion approach .  O r d i na r y  Ot~o:;:;—

cor re la t ion  ( sh i f t , pei n t w  i so mul  t i p l y ,  and sum) wou ld  not  be

very use f u l  fo r  m a t c h i ng  po in t  p at t e r ns  i n  t he  presence of d i

tor t ion , since most 01 the p oIn t ; ;  w ii I not m a t c h  up e x ac t l y  an, 1

SO Wi 11 not cont r i bu te  t o  the s u m .  (Th is  assumes t h a t  the

points  are l’s on a background of 0’ s. ) However , we can i lit i t ’—

duce a tolerance in to  the coy vol  at ion process by “ti him r i ug ” out’

set of po in t s  in t o  d i s ks ;  when the  o t h e r  p o i n ts , a f t e r  sh i f t  ‘ n.;

fall on these d isks , they  do c’ontr~ but  o t o  the  stint . Our
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Figure ~ shows results for three FLIR images of a tank

selected from a sequence of frames. Feature points were

automatically selected by applying an edge detector , based

on differences of averages taken over 4—by-4 blocks of pixels ,

• suppressing nonmaxima , and thresholding to retain the best

30 to 35 points. Arrays of merit values are shown for com-

parisons of frames 1 and 5, 5 and 10, and 1 and 10. They show

strong clustering corresponding to the motion of the tank from

frame to frame.

Figures 6 and 7 show the results of an analogous experiment

using two different feature detectors (namely, edge detectors

based on differences of 2x2 averages and of 4x4 averages)
’ 
for

FLIR images of a tank and of an APC. Here again , strong d ust-

ering is apparent. The weaker secondary responses in Figures

5-7 represent matches between one edge of the tank (or APe)

and the other; the smearing out of the responses represents

matches between different parts of the same edges.



3. Noise effects

The matchinq process is eviden t ly r e l a t i v e l y  immune to

random addition and deletion of point ;;, s i n c e  i t  yields good

match peaks even on patterns t h a t  have o n l y  h a l t ’ of t h e i r

points i n  common . I t  is s e ns i t i v e , however , to random dis-

p lacemen t s  of t he poin t s , i f  these  u s u a l ly  exceed the  match

tolerance . To illustrate this , Figure 8 shows the effects

of applying various amounts of random l ump noise to the first

set of map feature points in Figure 3. The )ump for each

point was independently chosen , with direction uniformly dis-

tributed in f0 ,2’;j, and with magnitude normally distributed

with mean 0 and standard deviations of about 3% , 4~-% , 6% , and

9%. The corresponding arrays of merit values are shown in

Figure 9; all of them display clusterinq , but it is much

weaker for the higher noise magnitudes.

The matching process is also quite sensitive to geometri-

cal transformations such as rotation and scale change , s in c e

it assumes that the patterns differ o n l y  by translation .

Figure 10 shows merit arrays for the other set of map fea tur e

points matched against itself rotated 50 and 100 ; clustering

is detectable only  for the ~ rotation . Figure 11 shows ana—

logous results for rescalings of 2% , 53 , 103 , and 20%; the

first three of these still show clusterin g .
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4 . Labe l led j~o i nt t e iii i t t i t  clii ii~

Up to now we have cons ider ed  o n ly  p a t te r n s  ot ’ i den t i c a l

p o i n t s .  This requ i red us t o use a r e l a t i v e l y  low nt ’ttch

tolerance t= ’~3 , 
;; i nct” h i g h er t ‘ s wou l d  y i old many anub iquous

matches. As a result , t he  mat  ch in t j  process was r e l a t i v e l y

sensitive to p oin t  d i sp lacement  and o t he r  distort i ons .

This noise  so n s it  t v t t v  can be reduced by allowing the

p o i n t s  to have 1 abt’ls (e.q. , represent inti types ct features)

This permuts the  match  t o l e ran c e  to  be increased without

great iy increasing t he  anthi q u i t y • since ~‘1 i r s  of pc i  it t s havi ng

the same labels arc loss l i k e l y to  m at c h  by chance . To

illustrate this , in the road map example the p o in t s  were

labelled by I unct  ion types  is shown in Tab It’ 1 . The match

tolerance was then increa sed t o  153 . This  yielded u s e f u l

clustering over a wider range of no i se  and d i s t o r t  ion condi-

t ions .  For examp le , F igu r e  12 shows rotation results for 50

and 10° ; c l u s t e r i ng  is now apparen t  t o m  both angles.



5. Conclusions

The point pattern matching algorithm described in this

paper is very simplistic; it only considers points pairwise ,

and uses a simple threshold t to decide whether or not a

given pair of pairs match. Nevertheless , it seems to yield

useful results in a variety of cases , and should be applicable

to situations where the pictures to be matched differ primarily

by a translation , and where local features can be detected

with reasonable reliability in both pictures .

As a generalization of our algorithm , we could allow the

merit increments to depend on the value of the discrepancy ,

rather than simply using a unit increment when the discrepancy

is below threshold. This would be roughly equivalent to

“chamfer matching ” the two patterns [6]; compare the remarks

in Section 2 about matching dots with disks.

The computational cost of the algorithm is relatively

high , since it compares all possible pairs of point pairs.

When labelled points are used , this cost is greatly reduced .

For feature points that lie along borders or curves , one could

also use their order as a constraint on which pairs to match ;

compare [7]. Further reduction should be possible by employing

relaxation-like techniques [8] to eliminate possible pairings

based on local evidence . Heuristic search techniques might

also be used to find good overall matchings.
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Other methods can he used t o  m a t c h  p o i n t  pat temns that

d i r  f o r  by t r a n s fo r m a t tons  o t h er  t h a n  t r a n s  l i t  t on . As a s i m p l e

example , suppose t h a t  t~v’ p a t t e r n s  d i f f e r  by r ot  a t  ion about

1 known c e n t e r .  We can h i  st o gram the  set of siopes d e f i n e d

by a l l  t he  pot  i t t  pa ir s  i n  e t ch  p i t  t t i l l , md t h e n  f i n d  the

cyclic shift t h a t  y t t ’lds the best n i a t c h  b e t w een  the  two

h i s t ogr am s . Th i s  idea is  i l l u s t r a t e d  in  F i gu r e  13 .

I t  is w e l l  known 19 1 t h a t  when m a t c h i ng  ~‘i ct u re s  t h a t

may d i f f e r  s u b s t a n t i al ly  in  qraysc.ile , it i s  advanta geous  to

match edge de tec to r  o u t p u t s  f o r  the  p i c t u r es  r a t h e r  t h a n  the

p i c t u r e s  t hemse lves, su i i ce  the  edge o u t p ut s  r ep resen t  the

geometry of the  p i c t u re s ’ c o n t e n ts  w i t h o u t  be ing  gr ea t  lv

affected by the gray  leve l d i f f e r e n c e s  . The p r e s e n t  approach ,

using the  o u tpu t s  ot  local  f ea t u r e  d e te c t o r s , can he regarded

as a gene ra l  i :.it i on  ci ’ t h e  e dg e— b a s e d  a ppr o a c h .

In  summary , teature point pi tte m n mat ching seems to

p r o vid e  a p o t en t  i i i  l y  USO f i t i t p p r o a c h  t o p i ct nrc m a t c h  i nc~

under  su b s tan t  j a l  g r i v s c i it’ mcd i t i c i t  ion  and nioder at  e qeome—

ti-i cal  d i  st or t  ion .  Fu r t  her st u d i  e;; of tb  i s approach are

p lanned .
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Number of
Branches ~~ pe Label

2 Angle (“L”) 0

3 “Arrow ” (branches all 1
lie in a half-plane)

3 “T” 2

3 “Fork” (branches not 3
in a half-plane)

4 “X” (branches collinear) 4

4 Branches noncollj near  S

5or more 6

Table 1. Junction types





- 
. 

i
i - 

I
- 

-

-‘
p 

~

- C a

1-

(hI

Ii

ii 
_ 

_ _ _ _ _  _ _ _ _ _
- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



.~~~v ’

- - r - - :- , !~ ~ ‘ 1J
i .  I

’

MITPOpOL,TAN ‘~ir’ > .
t ”

_ 
I , .  * 

.‘ . 
- ~~~ ‘

WA’HINGTOi4, 
~~~, .~~.~~ in~~ s uui.

” 
I I~’:: . / .D.C. ~~~ II . ( • •  - ‘

7 
:~~~~~~~~~~~~~~~ ~~~~‘:Y.J 

4
~ an ‘

•! 
- ~~~~~~~ ‘: 

“

~
\... . -

- .. .-

~~ .. .:_ JaII ’4T,., ~~~~~~~~ ~~~~~~ . / i”

~~

•. 

~~~~~~~~~~~~~~~~~~~~~~~~~ 
h,.. Park~~~~ ‘~~~~zL~~1 \ _ -

.
- .

I

- ~~~~~~~~~~~~~~~~~~~ 
\

~ H . ~~~~ 

~ •~~
F .t ’ii .X - .  :1~~~~~~~ ~~~ ~~~~-~~t-i~~~~-J . /

~~
“.“

~~“
I
•. ’>

~~~ ‘ - -
- . ~~ ~~ r \ ~ - I -‘ ~~~~~ - 

.-

‘

~~ \ ‘ 
~~~‘ -‘p . -

W A S H  I~ N G I O I N , 
/

\ (~~~~ 

.1 

~~~~~~~~~~~~~ 
“ ‘  

- -

N5.~ ,A~~~~~~ “ ~
... L:~~~’-—-- ~~~~~~~~~~~~~ 

——.
. ‘ 

..
~.?:1

- 
.

- 
\~~~~\ ~~~~~ ~ : ; r/ ~~J ” - ’  - .

.

‘I -5 ~ 
.

~“ 
7. 

, ~~~~~~

-
. ~. ~~~~~~ • A~ ( J.’:~’ .

:::~~ 
~~ ~ 

- 
i ~

‘4’ ‘a”. ~~~~~ ~- 
- -

* ~~_ 
- ~ ~ ~ 

-
~~ ~• .- - 

•
- ‘‘

_ __,_t
~.

, ,
~ 

. . - . - 
-

- — , . I...,. , 
~~~~ 

-
- 

- 
“~ 

. . 
~ II~~iqM~ ~ ‘ ~~~~~~~ - -- 

t . ‘‘ e. - . ‘ - k “-. ‘ ~~~
- -—

~‘

- .• . 
. 

- . - - * 

~\ 
‘
~
‘.‘:‘— ~

, “ I j  
/

‘.. 
- I

s . ... . 
•. I , ‘- 

-

- 
- .. . -- ., f -f  t~

. ,
_

~~~~~~~~~~~~~~~

, 
.
~~~~ 

- ‘:;
~~~,

‘
- “ .:.

~:::
-.

S ~ . -
‘ . ‘ •

~- ~l ~~~~ 
. -

- ~~~~ , : 
- 

‘~ 
_/ • ‘ 

• 

‘ .,
~~( 

.

. •

.

a ~~~~~ 
) I

-

~~~ I 

~~~~ 

~ 
- ‘: 

‘

-

Ft gi i t - ’ l.u

_ _ _ _ _ _ _  -



EiSi’- ’ ~-
7~~M J )J’ i #~~~ á - ~- ’~ ’ ~ ~~

‘%ETROP’)UTAN iL~ 
~~~~ ~~~~~~~~~~~~~~ 

‘ / 4-~ ~ ~~
-; ~~~ ~‘WASH INGION, 

~~~~ L ~~
‘ 

-~~~ 

I
- 

/‘D.C. 
• 

. •.  

~ø , 
- - ‘-. - • - . - • 

. .4
/ 1 

/ -
T7~~~= . • •  -

~~~~~~~

-‘
-. -T . ‘I” ~-‘~~~‘ :\.....I’~~(Wtieiton ;~4~ /~4~ 1’ -f
I ~~~~~~~~~~~~~~~~~~~~ /;.....a.* .,

~~~J ~\ 
\.~ ç_J ~ ç •• 

i / ’~~~~ ~~~~~~~~~~~~~~~ I~.;.,,.,,
~~~~~~~~~~~~~~~~~~~~~~ ~r

’ -s , .~~-‘ •~t ~ ~~~~~~~~~~~~~~~~ (~ ~~~~~~~~~~t~~ \~~,j ,- 
~~~~~~~~ 

-
. •~~~~ ~~~~~~ 

- a 
, / . .~

I ./.

~
- ••••••

~
,__ 

,~�d 

~ ~~ ,,, ~ - 

‘5 - . 

~-~~~~~l’_ 

- - -~ r~ / 
-

I - - ~mL’~, ~ ~~~~- -‘ . - ~- - r
I ‘“\ 

- ,- c ...-~~ ‘ - - . ‘ 
- 

- ~~~~~~~~~~~~~ i~~~
:-‘• , ~~~~~~~~~~~~ .a 

. ‘~ - - • . Sdver ~‘ : - ~~ - ‘ [  f ” - ~t~‘ ‘ - - - 
‘ -: - 

~,~- Spring ~~~~•~~~o —
~~~~~~~~~~~~~~~~~~~~~~~~ ~2 8ethesd~~~~~ ~~~~~ 

/ 
n~~~P~ /

‘

1 

~~~~

Vie •A•~•,~f 
~( 

—~~ 

I .‘ a

- • .i~~ 4Fafls-’-- , 
- -j.&~, ‘ - -~. -. , _  ~,M IL ‘~ - :* - c ~.- 4. -

~ ‘ -
‘- -

~ 
\

Arlin9ton *11: 7
-. — 

‘I 

~~~~~~~~~~~~ 
- 

~- 
) 

_•_
~~-i - -~~~ 

- 
.v

- -
-5 . \ ‘a~,• 

‘ I ,~~
‘Iij ,,< 

- 
~~~ 

~

‘ 

~~~~fr 

E~:-~ 
‘
~
. .,.~ ~~. ~ -. (.. 7 I / ~ 

‘-4.

- - 

~~~ .:~, 
~ 

‘
~~~-~~ “— t - ’ ~~~~~~~~~~~~ 

- -

,.. It. ~ -‘.1. ~~ ‘ , ‘
, 

‘
~~ AIexandr~a 0 

~~~~ 

- 

-.

~ p 
ii,

’ 

P
is~~ J ~~)

..

M 

t If
:7\ 

b~IU7J

rk~gfte$d ’ ~~~j , ~~~pV ‘
~~~~~ I s 

~ / \~
- 

‘ I ~

_  

~~~~~~~~ 

T0

~~~T
-• ri. ‘

—  - - / • 

- ..~~.: 
-~ :

_

Figure 3b

— ---- - _-~~~~~~~ — _ ‘  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~



1~51

0

—4
—4 — i_ .

C.) -i

Li..

(N

0 —-4
‘-4

-.4

(U

-- 
‘_ ‘ 

~~~~~~~~~~~~~~~~~~~~~~~~
‘ ‘ - - ‘  - ‘  

_



_ _ _ _  ___ ——---— -__~~~~- -~~__-__- - - --- ‘-—- - “_ - - ~_ — 0~~~

-.4

cs- I c ’-’

—4

-I

-4

—mc

U-’

-u
-4 ‘3.

(1)-4 —3.

-4 —4 -mc c-~

-4 c-I

-.4

-4

-I

—4

-4 -4

-.4 
‘—4

~~~~ ~~~~~~~~~~~~~~~~~~~~ 
. - • ‘ ~~~~~~~~ 0 ’  ;-

~~ - _

— —~~ -~~ -— ~~~~~~~~~~~~~~~~~~~~~~~~~ 4 ~~~~~~~~~~ 
-
~

_

-— ;_~~~~~~_ - - ~~—~~~ --— -- -..- ---~~~~



- ‘

-4

‘-.4

ci —4 (N

-I .-4 -~ ci ci

~~ -.4 ci 0 N.
‘-4

ci ,-4 .-4 c i - . 4  0
(N -1

ci ci .-4 c i o~—mc

C~isO (iifl Ui
ifl

(‘4 0 —4 ,-4 CO -.4 —4 ‘.0 ‘1)—4 I—- -.4 Li
ci 0 ~~4 CO -4 —4 -4 0 Cii)N. -.4 -~

~*i .-4 (-4 Cs4 ci
iii -.4

-.4 -~ -4 ‘.0 -4 -4 .-.4 ‘.0(N ci

Ui -4 ~~

‘.0 .-4 -4 ci ~~ -4 -4
-4

,—4 -4 ,-4 ci -4

.—4 —4 _4 -4

—4 -4 ci

~~~~~~~~ ~~
— ‘ 

_______ ~~ ~~~~~~~~~~ 
‘
~ ~~~~~~~~~~ __  p—-- — —



_—4 -.4 _-4

ci -.4 ‘.0 4 4 ,-4 Ci

‘.0 i-4 Ui -4 4’i - C (N
-~

*0 —4 —4 ci .0 ‘0 —4 ci
(N (N

0 ‘-4 ‘.0 sC’ C P—. 5~~ r-.
ci C) ci Li

Li
0 CO ‘—4 ‘0 C’ ‘C ‘C Cii)

(N i)-O —i c-i
- - 4

0 .-4 -4 0 ci ---4 U. C (N N.
-.4 ci

0 Ui’ .0  -.4 ci 0 ‘-.4 —4 ci
—-4 _--4 -4 c--I

‘.0 - Ui 0 ci Ui -4 (N
p-I _-I —

ci 4 ci ci -.4 ci ci -1 ‘.0 -~

-~ -4 -.4 —4 . 4  <‘1 ~-.4 -.4 (i (N

—4 ci ci (N

*01 - (N

— -4 (N

_ _  - ~~~~



-a

1 1 1 1
1 1
I I

I I I

— ~~~~~~~~~~~~~~~~~~~~~~ .‘-.ne~~~~~-’r.w- r .--.- - - -  .— - _ —

I I

1 I I

I 1 1
I I

I i

F i g ur t ’  t~m I 

_ - ‘  - - - -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-.4 ci’O ‘C (01 —

-4 -4 -4 ci (~1 -4

ci

-4

-4 --4 -4

c i I’ 0 * 0 1  —

-4 —4 — -,

-4
.0
‘0‘—4
C)
Li

— -.4 ci 0 Ui N. ‘.0 .-4
_-I -3. ci

ci c-i -4 -4 - 4 —  U.

-4

—4

‘-4

-4

( N —

— ci(N

SN

c-I

-4 -4 ..-4 (N *01 ~~~~~

—4 -N Ui ~-4

.-4 ci .-4

_ _ _ _ _  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~,



-— -- _

~~~~~~~~~~~~~

•1

I
I

1 1
1 1
1 1 1

1 1 1

1 1  

1 1

I
I

1
1
1 i l l
1 1
1 1

1
1

1 1 1

Figure 7a

— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :~~~ :~ - ‘ -4— -



— ~~~ - —a~’ Sc- -,t  —1 - (N

~—I (N .01 (01 (N —4 ,,,, —*

-4 -
~ (N

-4 -4 _-4 _.4 _

N.
—4 (N ~-

-* S —s —,i , - -- ._-4 5

-4 —4 c-i ‘C ~~~ ~—, Ui ~~ - -C’ ‘0 ~.,
- s_

-— —mc —~ -N - -4

—mc -‘ --a

—1

~~ -~-4 - ‘ (01

—4 ‘—I —-4 ‘.4, tfl

c--I .—4 N ci

--4 -4 -4 - - 4 - 4  -4 -4

- r ~ - - 
~~~~~~~~~~~~~~~~ ‘ • . 

- _ _ 
_ -

‘— - -
~~~~~~~~~~~~~~~~ -~~~~~~~~~ ~~~~~~~~~~~~~ ~~ —‘ --~~~---- ——

rn-
~~-,- -—--_--—- --. ‘5—- --



1 1
1 I I

1
1 1

1 1
I

1 1

I I
1 1  1 1

I
1

(a)

1 1

1 1

i i

i i

1
1 1  1

1

Fi gure S

—— - - --—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ —~~ -—_~~~~—-~~~‘5- —.--_— -- ‘—5----—-- - -’



1
1

1
1 1

:1

1 1

1 1
11

1

1

1

(d)

1

1
1

1

1
1

1

1
1

1

1
1

(e)

Figure 8 (continued)

~ 

__________



-‘

1~

-4
-4

0\
‘-4

*1)
*1’

— ---4 - a

-V
(~1

-4 
- 4

-4

- -4



- -

—-4

—4

-I

— d c i  -d
0’.(.4

a’. ( N c _ i(fl _-i C)
Li

—4
— (fi — Li Cii)

-‘-40(4 U.—4
U.

-4

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



—I

—4

—I

—4

p-I

c-i

0

ci ,—4 —

C)
_-4 ,—I ~-4

Cii)
-‘--4

-4 U.

-4

ci p-I ,-4

ci -4

‘.0

‘.0

p-I ci

ci

-4 p-I

—4

4-4 ci

c-I

‘-I

-4

-4

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- ‘

‘-4

c-i

-4

(N —I

(01

-4

-4 -4

‘.0

--4

- 4 —

(0~

p-I 
-4

-4 Ui

~~ 4 . 1 . 4  -4

-4 -.4 p-I
.0

-4 ( N_

—

-I -~U.

-4 -.4

—I

‘-I

‘-I

-4

-I



- i—-- -
~_~~~~~~~

—4 - - ‘5

—4

--4

- 4  
-‘-4

--4 
UiUi 

- 4  - S

4*

-- 4  
- 1

- 4

— 4  
- 1

- 4  
- ‘ 4

-4

- 4

_ _ _4 
ci

ci

-4

~~~~~~~~~ r~— —~ .~~~~~ .~~ -~~ -a.- - -

~~ 

-



—4

—4

-4

‘.0

‘-4

—4

N

‘-4

4-4 ,-I - 4 - 4

-4 c-_i

— 

-4 

-4 

-4 ci 

-4 — 

—

‘-4

N

—I

ci —I —I

-.4 ‘-4

-4

A

’ 

________________________________________



— -~~~~~~~

—4

-4

-4
--4

—4

SN

—4 —

C)
—4 —.4 -4

—a
ci

Li

bO
—4ci ‘ 4  U.

-4

C
-4

‘--4 -4

C_I —‘4

-4

-4

-4 -.4

-4

—4

‘-4

L

~~~~~~~~~~~~~~~~~~~~~ ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~ ,



I

—4

-4

—4

—-4

c-_I

—4
—4

—4
—4

-4 —5 “5,‘

-4 ci

4*
—4 —5

—4 _ “s ~
_4 ‘--5

-4

‘-4

--4

-4

-4

- 
‘ 
‘ - - __—_.._______,______5_5._5~~~~ 

‘5’ ,. ~~~~ ,‘_ “— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —- —~~~~~

-
_- - ‘- ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ‘.~~~~~r~~~~—



—-----‘- ‘ - -“I’

-4

-4

‘-4 -4

— - 4

-4

-4

-4

N. (N

U i - 0 ’.c
—mc ~~

—‘4 —-mt

ci

(
~‘-1

—
Li

00
-4
U.

-4

—4 -4

—4

-4



-4

--4

-4

-4

-4

-N

-4 

-4 -4 -4 

(N~~N

*01 —
~ 

-4—4

‘-4

N. /(s 
~~

- 4 -4

-4

-4

-4 —I

—4

H
_ 

_

_ _ _  — - ~~-——



S lope range
(degrees ) Number of~ point pairs

To (a) (b) (c) (d)

—47 —43 13 11 12 7

—42 —38 19 16 18 20

—37 — f l  13 12 10 13

—32 — 28 17 11 22 15

- 2 7  -23 11 17 14 16

—22 —18 15 10 10 17

—17 —13 12 14 16 15

—1 2 —8 9 13 15 12

—7 — 3 2 0 2 2

—2 2 42 18 11 15

3 7 111 32 9 10
8 12 25 102 44 13

13 17 16 34 101 29

18 22 9 7 24 93
23 27 10 6 12 35

28 32 17 7 7 15

33 37 15 1Q 16 7

38 42 12 11 9 14

43 47 10 9 10 11

Figure 13. Ro tational histograms for rotations of (a) 5
0
, (b) 100 ,

(c) 15 ° , (d) 20 ° . Note that the histogram peak (underlined ) in each
case is in the range corresponding to the actual rotation.

________- - -  -‘





- - -~~~~

Unclassified
V ~, LAI . ’ - 144 - 

‘* i - c ,  . -

feature types) in overcoming the effects of noise is also
studied.
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